Abstract-The transimpedance or current feedback operational amplifier (CFB op-amp) is reviewed and compared to a conventional voltage mode op-amp using an analysis emphasizing the basic feedback characteristics of the circuit. With this approach the paradox of the constant bandwidth obtained from CFB op-amps is explained. It is demonstrated in a simple manner that the constant gain-bandwidth product of the conventional op-amp and the constant bandwidth of the CFB op-amp are both in accordance with basic feedback theory and that the differences between the traditional op-amp and the CFB op-amp are due to different ways of controlling the closed-loop gain. For the traditional op-amp the closed-loop gain is altered by altering the loop gain whereas the closedloop gain in a CFB op-amp configuration is altered by altering the input attenuation to the feedback loop while maintaining a constant-loop gain.
I. INTRODUCTION
The transimpedance or current feedback operational amplifier (CFB op-amp) as introduced by Nelson and Evans [I] has been available as a monolithic op-amp for a number of years. One of the most prominent features of this amplifier is the constant bandwidth, independent of the closed-loop voltage gain in a feedback configuration. This characteristic has been treated in the literature as a property almost violating traditional feedback theory that prescribes Manuscript received September 3, 1992; revised January 6, 1993. This paper E. Bruun is with the Electronics Institute, Building 349, Technical Univer-IEEE Log Number 9208194.
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that an amplifier with feedback has a constant product of closedloop gain and bandwidth [2], [3] . Hence, an analysis of the CFB amplifier with reference to familiar concepts in feedback theory seems appropriate. 
THE VOLTAGE MODE OPERATIONAL AMPLIFIER
and 27rGBTT7 = ~d~~l o .
(8)
For the noninverting amplifier of Fig. l 
THE CURRENT FEEDBACK AMPLIFIER
The current feedback operational amplifier is a transimpedance amplifier with the simplified equivalent diagram shown in Fig. 3 . In contrast to a conventional voltage mode op-amp the CFB op-amp does not provide a direct differential voltage gain. Rather, it creates a voltage gain by sensing the current flowing into the inverting input and impressing a mirror of the input current onto a high impedance node. It should be noted that the inputs to the CFB op-amp are nonsymmetric. The noninverting input is a high impedance voltage mode input and the inverting input is a low impedance current mode input. The CFB op-amp can be used in exactly the same configurations as shown in Fig. 1 . However, the signal flow graphs for the current feedback configurations have very different branch transmittances. Fig. 4 shows the signal flow graphs for the CFB configurations. From these graphs we find, using the conventional feedback notation,
noninverting amplifier and Assuming ZT to be a parallel connection of a resistor RT and a capacitor CT we have the dimension of 0-l. Inserting (12) and (13) in (15) (20) shows that the bandwidth BIT-is independent of the gain G provided RZ is left unchanged when changing G. We now notice that the important difference between the voltage mode op-amp and the CFB op-amp is that in the voltage mode op-amp configuration the closed-loop gain is changed by changing d and hence the loop gain and bandwidth whereas in the CFB op-amp configuration the closed-loop gain is changed by changing N while keeping d and hence the loop gain and bandwidth constant. Intuitively, this might be explained as follows: In a conventional voltage mode op-amp configuration the closed-loop gain is controlled by the attenuation of the output voltage by the feedback network. A large attenuation (small 0 ) leads to a large gain. In the CFB op-amp configuration the closed-loop gain is controlled by the attenuation of the input signal such that a large attenuation (small a ) results in a small closed-loop gain. It might seem strange that the noninverting input configuration of Fig. I(b) has an input attenuation. However, this is explained by the fact that there is an implicit conversion of the input voltage to a current and that the conversion is given by ( RIIIRY + R.r)-', i.e.,
With this explanation in mind a relevant question is whether the CFB op-amp attains its properties at the expense of a reduced loop gain and thus a reduced improvement in distortion, sensitivity, etc. From (13) we find architectures employing a single high gain stage with a very high load impedance (e.g., a cascode amplifier with an output buffer) we may assume A0 to be on the order of y, , / y, where gnz is a device transconductance and ,yo is a device output conductance, a device being a transistor or a compound device (e.g., a cascode circuit). Hence, for the voltage mode op-amp. Similarly, we often find R, 1: gZ1 and RT N g;' for the CFB op-amp, hence
Comparing (22) and (23) 
C T ( G + R~y m )
for the CFB op-amp. With equal values of gm and CT we find that the CFB op-amp actually sacrifices bandwidth compared to the voltage mode op-amp. A similar comparison can be made for the inverting amplifier configurations, leading to the same conclusion.
Often, however, CT is selected smaller for the CFB op-amp than for a comparable voltage mode op-amp. This is due to the fact that a voltage mode op-amp is often compensated to allow its use in a unity gain configuration, i.e., ijr has been set by proper choice of the dominant pole to a frequency yielding an adequate phase margin when the feedback loop is closed. If the voltage mode op-amp is then used in a feedback configuration with a higher closed-loop gain the bandwidth will decrease in proportion to the gain increase as indicated by (8) provided ijc is left unchanged. However, with a reduction in the loop gain T ( . 5 ) the open-loop bandwidth ij, may be increased correspondingly while maintaining the same phase margin. Hence, the closed-loop bandwidth can be kept at a constant value. However, often the possibility of increasing dc by decreasing a capacitor value is not present because the compensation capacitor has been included on-chip with the op-amp. For the CFB op-amp configuration a similar possibility of a decrease in compensation capacitor with an increase in closed-loop gain does not exist if the loop gain T ( s ) has been designed to be independent of the closed-loop gain. If the bandwidth has been designed to be limited by R I G rather than by RL we find from (1 7) and (1 8) that the CFB op-amp in the noninverting configuration has a bandwidth of which with R, N siL' is the same as (24), valid for the voltage mode op-amp. In this situation the compensation capacitor may be optimized just as in a voltage mode op-amp.
With these observations in mind one might be inclined to conclude that the CFB op-amp provides little-if any-improvement over a conventional voltage mode op-amp. However, one important feature of the CFB op-amp in most architectures available today [3] , [4] is a very high slew rate. This is related to the specific realization of the CFB input stage and cannot be achieved in a conventional voltage mode op-amp amplifier architecture. Thus, the primary advantage of the CFB op-amp is its superior slew rate performance. A secondary advantage of the CFB op-amp is an easier optimization of the frequency response of the loop gain because there is only one highimpedance node in the feedback loop whereas voltage mode op-amps may have more than one high impedance node, even in the case of single gain stage op-amps, because of the high impedance of the inverting input.
IV. CONCLUSION
A comparison of a traditional voltage mode op-amp and a current feedback op-amp has been made for an inverting and a noninverting amplifier configuration. It is concluded that the constant bandwidth feature often associated with the CFB op-amp is due to the fact that the closed-loop gain in the CFB configurations is changed by changing the input attenuation while maintaining a constant-loop gain. This has the implication that if the CFB amplifier should be designed to have a constant bandwidth this is only achieved at the cost of a decreased loop gain and bandwidth because the feedback resistor has to be fairly large. For designs optimized for bandwidth at a specific gain similar results can be expected from a conventional voltage mode op-amp and a CFB op-amp. However, a main attribute of the CFB op-amp is a high slew rate yielding a large signal bandwidth which is superior to most voltage mode op-amps. It should be pointed out, though, that the slew rate characteristics do not rely on the current feedback but rather on the internal architecture of the opamp. Recent evidence has been given [ 5 ] , [6] that a similar slew rate performance can be achieved from voltage mode op-amps using an internal architecture resembling the architecture of the CFB op-amp.
I. INTRODUCTION
The problem that this phase shifter addresses is that of adjusting the phase of the clock in a digital system in small increments in such a way that there are no glitches produced and phase steps at all phases are approximately equal without the need to use a much higher intermediate frequency clock or to use a phase locked loop. In fact, the proposed system is entirely open loop.
One important application of such a phase shifter is in controlling the sampling phase of a digital transmission system receiver containing an echo canceller. There are two conventional solutions to this requirement, the use of an analog or a digital phase locked loop. In the analog version an independent oscillator has to be driven so that its phase tracks that of the incoming signal. As the oscillator control input affects its frequency the system being controlled is second order and the controller is notoriously difficult to design [ I]- [3] . The design is often compromised by the need to accommodate the local oscillator center frequency tolerance (requiring a wide loop bandwidth) while the low output jitter needed for proper operation of the echo-canceller demands a narrow loop bandwidth. In the digital version usually only single clock cycle phase steps are possible and these are generally sufficiently large that their effect has to be compensated for in the echo canceller [4]- [6] . There are some known compromises in which the control of frequency and phase can be separated [7] but these still require the use of an independent oscillator.
The design problem is particularly acute at the master (clock controlling) end of a mesochronous duplex link because the effects of jitter are significant even if the jitter has a very low bandwidth, while the trend to ever higher transmission rates requires increasingly tight control over jitter. The difficulty over the center frequency accuracy of the independent oscillator is contemptible since the master clock is available and must by definition have exactly the required center frequency. The missing link is the lack of any convenient method to vary its phase as applied to one part of a circuit with respect to another. For the purposes of the echo canceller the phase of this clock must be variable in steps approximately three orders of magnitude smaller than the transmission system symbol period, and this over a range of, say, +/ -1 symbol period. Although typically the local master clock may be much faster than the symbol rate in most cases this still means that single clock cycle phase steps are too large. This paper describes an clock phase shifting technique that has an unlimited phase shift range and offers fine phase steps, all without 
